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ABSTRACT

Theranostic applications targeting the gastrin-releasing peptide receptor (GRPR) have shown
promising results. When compared with other peptide ligands for radioligand therapy, the most
often used GRPR ligand, RM2 (DOTA-Pip®>-D-Phe®-GIn’-Trp8-Ala®-Val'’-Gly!!-His'2-Sta'3-
Leu'*-NH,), may be clinically impacted by limited metabolic stability. Aim: With the aim to
improve the metabolic stability of RM2, we investigated whether the metabolically unstable
GIn’-Trp® bond within the pharmacophore of RM2 can be stabilized via substitution of L-Trp®
by a-methyl-L-tryptophan (a-Me-L-Trp) and whether the corresponding DOTAGA analogue
might also be advantageous. A comparative preclinical evaluation of *"’Lu-a-Me-L-Trp8-RM2
(*’Lu-AMTG) and its DOTAGA counterpart (}”’Lu-AMTG2) was carried out using "’Lu-RM2
and Y’Lu-NeoBOMB1 as reference compounds. Methods: Peptides were synthesized by
solid-phase peptide synthesis (SPPS) and labeled with ""Lu. Lipophilicity was determined at
pH 7.4 (logD-4). Receptor-mediated internalization was investigated on PC-3 cells (37 °C,
60 min), whereas GRPR affinity (ICso) was determined on both PC-3 and T-47D cells. Stability
towards peptidases was examined in vitro (human plasma, 37 °C, 72 £ 2 h) and in vivo (murine
plasma, 30 min post injection (p.i.)). Biodistribution studies were carried out at 24 h p.i. and
single photon emission tomography/computed tomography (ULSPECT/CT) images in PC-3
tumor-bearing mice at 1, 4, 8, 24 and 28 h p.i. Results: Syntheses via SPPS yielded 9-15%
purified labeling precursors. ’Lu-labeling proceeded quantitatively. Compared to *’’Lu-RM2,
7Lu-AMTG showed slightly improved GRPR affinity, a similar low internalization rate, slightly
increased lipophilicity, and considerably improved stability in vitro and in vivo. In vivo, *"’Lu-
AMTG exhibited the highest tumor retention (11.45 + 0.43 %ID/g) and tumor/blood ratio
(2702 + 321) at 24 h p.i. as well as a favorable biodistribution profile. As demonstrated by
USPECT/CT imaging, ’Lu-AMTG also revealed a less rapid clearance from tumor tissue.
Compared to ’Lu-AMTG, ’Lu-AMTG2 did not show any further beneficial effects.
Conclusion: The results of this study, particularly the superior metabolic stability of ’Lu-
AMTG, strongly recommend a clinical evaluation of this novel GRPR-targeted ligand to

investigate its potential for radioligand therapy of GRPR-expressing malignancies.
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INTRODUCTION

Radioligand therapy has emerged as a powerful alternative to conventional treatment options
in oncology. This can mainly be attributed in case of neuroendocrine tumors to the success
story of DOTATOC- and DOTATATE-based theranostics, and in the case of prostate cancer
to prostate-specific membrane antigen (PSMA)-targeted inhibitors (1,2). Based on the
overexpression of the gastrin-releasing peptide receptor (GRPR, Bombesin-2 receptor) in high
density and high frequency already in early disease stages of prostate cancer (~5,000 dpm/mg
[disintegrations per minute/milligram tissue]; >2000 dpm/mg considered as clinically relevant)
and breast cancer (~10,000 dpm/mg), GRPR has been identified as a promising target for both
cancer types(3,4).

In a recent study, 50 patients with biochemically recurrent prostate cancer were
examined with either Ga-PSMA11 or ¥F-DCFPyL positron emission tomography/computed
tomography (PET/CT) and additionally with ®Ga-RM2 PET/magnetic resonance imaging
(PET/MRI). 36 lesions were only visible with ®Ga-PSMA11/*¥F-DCFPyL PET/CT, and seven
only with %8Ga-RM2 PET/MRI, which again suggests a complementary role of GRPR- and
PSMA-targeted theranostics(5). Moreover, especially estrogen receptor-rich breast cancer
(estrogen receptor expressed in over 80% of all breast cancers) shows high GRPR expression,
which is retained in 95% of nodal metastases(6,7). Not surprisingly, successful high-
contrasting PET imaging of breast cancer using ®Ga-NOTA-RM26 or %8Ga-RM2 has already
been described(8,9).

The two most promising GRPR-targeted radiopharmaceuticals, ®Ga-RM2 and %Ga-
NeoBOMBL1, already showed favorable initial results and are currently assessed in phase 1
and 2 clinical studies(10-13). A first in-man study on *’Lu-RM2 in PSMA/GRPR" prostate
cancer patients revealed encouraging dosimetry data(14). Nevertheless, limited metabolic
stability of some bombesin derivatives, such as RM2, is well-known and mainly caused by the
neutral endopeptidase (NEP, EC 3.4.24.11), which reportedly cleaves linear peptides at the N-
terminal side of hydrophobic amino acids(15). Incubation of "Lu-AMBA (DOTA-4-

aminobenzoyl-GIn’-Trpé-Ala®-Val’-Gly!-His!?-Leu3-Met'*-NHy) in murine and human plasma
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in vitro revealed several cleavage sites, especially at the C-terminus and the GIn’-Trp?® site(16).
Similar observations were made in five healthy patients, as the administered ®Ga-RM2
showed only 19% intact tracer in blood at 65 min p.i.(17). Considering this rather small fraction
of intact compound early after injection, a metabolically stabilized RM2 analogue could result
in improved tumor uptake, tumor retention and thus tumor dose. In recent years many groups
developed bombesin analogues that were modified at the C- and/or N-termini, but not within
the pharmacophoric sequence (GIn’-Trpé-Ala®-Val'*°-Gly!!-His'?)(18-22).

As we hypothesize that the use of statine (i.e. Sta'®) at the C-terminus of RM2 and its
derivatives results in sufficient metabolic stabilization at this part of the molecule, we concluded
that further improvements might be possible by stabilizing the GIn’-Trp® sequence. For this
purpose, we substituted L-Trp® by a-methyl-L-tryptophan (a-Me-L-Trp) in Y’Lu-RM2 and its
DOTAGA analogue (Fig. 1) and evaluated these novel compounds alongside the potent
reference ligands "/Lu-RM2 and "”Lu-NeoBOMB1. The comparative preclinical evaluation
comprises affinity studies (ICso) on PC-3 and T-47D cells, quantification of receptor-mediated
internalization on PC-3 cells, determination of logD-4, investigations on the stability against
peptidases in vitro in human plasma and in vivo in plasma and urine of mice as well as

biodistribution studies in PC-3 tumor-bearing mice.

MATERIALS AND METHODS

Chemical Synthesis and Labeling Procedures

RM2 derivatives were prepared via standard Fmoc-based SPPS using a H-Rink amide
ChemMatrix® resin (35-100 mesh particle size, 0.4-0.6 mmol/g loading, Merck KGaA,
Darmstadt, Germany). NeoBOMB1 was synthesized according to a reported procedure(20).
Purification was accomplished by reversed phase high performance liquid chromatography
(RP-HPLC).

Both "_u- and *"’Lu-labeling was prepared according to a modified procedure(23). The
radiolabeled reference 3-2°-D-Tyr8-MJ9 (Supplemental Figs.1 and 2) was prepared
according to a reported procedure(24). Detailed description of the synthesis, labeling and
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SUPPLEMENTAL FIGURE 13. Sigmoidal binding curves and calculated mean ICsy’s as
obtained by competitive binding studies of "*Lu-AMTG, "*Lu-AMTG with a 1,500-fold excess
of free Lu®* and "™Lu-AMTG with a 1.5 x 10°-fold excess of free Lu®*. Binding studies have
been carried out in triplicate, using 1.5 x 10° PC-3 cells/ml/well, rt, 2 h; using 3-12°I-D-Tyr®-MJ9

(0.2 nM/well) as radiolabeled reference (n = 3).

Receptor-mediated Internalization. For internalization studies, PC-3 cells were harvested
24 +2 h before the experiment and seeded in poly-L-lysine coated 24-well plates
(1.5 x 10° cells/well, 1 mL, Greiner Bio-One, Kremsminster, Austria). Subsequent to the
removal of the culture medium, the cells were washed once with 500 uL DMEM/F-12 (5% BSA,
v/v) and left to equilibrate at 37 °C for at least 15 min in 200 uL DMEM/F-12 (5% BSA, V/v).
Each well was treated with either 25 pL of DMEM/F-12 (5% BSA, v/v) or 25 L "'Lu-RM2 (10
3 M) for blockade. Next, 25 uL of the ’Lu-labeled GRPR analogue (10 nM) was added and

the cells were incubated at 37 °C for 60 min.
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The experiment was terminated by placing the 24-well plate on ice for 1 min and
consecutive removal of the medium. Each well was rinsed with 300 pL ice-cold PBS and the
fractions from these first two steps were combined, representing the amount of free 3-12°|-D-
Tyré-MJ9. Removal of surface bound activity was accomplished by incubation of the cells with
300 yL of ice-cold Acid Wash solution (0.02 M NaOAc, pH=5.0) for 10 min at room
temperature and rinsed again with 300 pL of ice-cold PBS. The internalized activity was
determined by incubation of the cells in 300 uL NaOH (1 M) and the combination with the
fraction of a subsequent washing step with 300 L NaOH (1 M).

Each experiment (control and blockade) was performed sixfold. Free, surface bound
and internalized activity was quantified in a y-counter. Data was corrected for non-specific

internalization.

In Vivo Experiments

Establishment of Tumor Xenografts. PC-3 cells (5.0 x 10° cells per 200 L) were
suspended in a mixture (v/v=1/1) of Dulbecco’s modified eagle's medium/Ham’s F-12
(DMEM/F-12) with Glutamax-I (1/1) and Cultrex® Basement Membrane Matrix Type 3
(Trevigen Inc., Gaithersburg, MD, USA) and inoculated subcutaneously onto the right shoulder
of 6-10 weeks old female CB17-SCID mice (Charles River Laboratories International Inc.,
Sulzfeld, Germany). Mice were used for experiments when tumor volume was 125-500 mm?

(2—3 weeks after inoculation).
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Supplemental Data

SUPPLEMENTAL TABLE 1. Preclinical data of "*Lu-RM2, "'Lu-NeoBOMBM1, "|_u-
AMTG and "™Lu-AMTG2. Affinity data were determined on PC-3 and T-47D cells
(1.5 x 10° cells/well) and 3-'2°I-D-Tyr®-MJ9 (c = 0.2 nM) as radiolabeled reference (2 h, rt,
HBSS + 1% BSA, v/v). Receptor-mediated internalization (0.25 pmol/well) was determined on
PC-3 cells as percent (%) of the applied activity after incubation for 1 h (37 °C, DMEM/F-12 +
5% BSA (v/v), 1.5 x 10° cells/well). Data are corrected for non-specific binding (1072 M "*Lu-
RM2). Metabolic stability in vitro was determined in human plasma by incubation at 37 °C for
72 £ 2 h (n = 4). Metabolic stability in vivo was determined on CB17-SCID mice at 30 min p.i.
(n = 3). Data are expressed as mean + SD. Metabolic stability of the ’’Lu-RM2 derivatives as

determined in vitro and in vivo. * "®Lu-labeled, ** 1’"Lu-labeled.

GRPR-
mediated L
ICso (NM) . o logD7.4 Fraction intact tracer (%)
internalization
(%)
human murine murine
GRPR- T-47D- plasma, blood, urine,
PC-3 cells o L .
targeted (n =3 cells (n = 5)** (n = 6)** in vitro at in vivo at in vivo at
compound (n=23)* 72+2h 30 min p.i. 30 min p.i.
(n = 4)** (n = 3)** (n = 3)**
RM2 35+02 1202 2.92+0.20 -251+£0.02 38.7+93 11437 05+0.1

NeoBOMB1 4.2+0.1 11+0.2 13.91 £ 0.64 -0.57£0.03 61921 759x0.6 39+13
AMTG 3.0+0.1 1.0+0.1 3.03+£0.18 -2.28+0.06 77.7+87 929x0.7 682=%31

AMTG2 47+02 46=x02 5.88 £ 0.33 -251+£0.11 66.2+51 776+31 61.6=*16
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SUPPLEMENTAL TABLE 2.

Tumor/background ratios of ’’Lu-RM2 and its analogues as

well as "’Lu-NeoBOMBL for the selected organs of PC-3 tumor-bearing CB17-SCID mice at 24 h

p.i. (n=4).
Organ 77 u-RM2 7Lu-AMTG 77Lu-AMTG2 177Lu-NeoBOMB1
Blood 688.7 £ 79.4 2702.0 £ 321.0 723.1 £109.2 175.5 £ 100.2
Heart 152.8+7.4 575.3 £98.3 646.9 £ 597.4 87.5+37.0
Lung 91.4+164 357.2 +107.8 181.2 £ 29.6 16.7+£ 2.0
Liver 18.8+ 1.3 85.3+£19.5 274+64 56+27
Spleen 42.8+£5.2 114.3+24.9 59.4 +£14.2 53+£3.1
Pancreas 19925 26.1+£12.0 84+0.8 0.9+0.2
Stomach 50.8 £ 19.3 128.3 £+ 47.7 64.9+5.0 56+0.2
Intestine 39.7+£7.0 80.0 £ 49.7 27557 85+0.6
Kidney 47+0.1 105+ 2.5 43+04 4723
Adrenal 109+1.7 343+218 22.7+29 21+01
Muscle 1680.2 £ 978.9 2247.8 + 687.3 4133.8 + 2593.0 1017.0 £ 598.5
Bone 79+3.6 234.3+£69.4 37.9+£11.3 422 +£17.4
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SUPPLEMENTAL FIGURE 14.
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In vitro stability of "’Lu-labeled GRPR ligands

incubated in human plasma at 37 °C for 72 + 2 h, as analyzed by analytical radio-RP-HPLC
(MultoKrom 100-5 C18, 5 uym, 125 x 4.6 mm, CS Chromatographie GmbH, Langerwehe,
Germany; 20—35% MeCN in H,O + 0.1% TFA in 20 min). (A) Y’Lu-RM2, (B) "Lu-
NeoBOMB1, (C) YLu-AMTG and (D) '"Lu-AMTG2. Fractions representing intact
compounds are indicated by black arrows (Y’Lu-RM2: K’=8.7, tr =12.6 min; "Lu-
NeoBOMB1: K’'=15.9, tgr = 22.0 min; ¥’Lu-AMTG: K’= 9.9, tr = 14.2 min; ¥’Lu-AMTG2:
K’ =11.5, tr = 16.3 min).
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SUPPLEMENTAL FIGURE 15. In vivo stability of “Lu-labeled GRPR ligands in murine
plasma (A-D) at 30 min p.i., as analyzed by analytical radio-RP-HPLC (MultoKrom 100-5 C18,
5 um, 125 x 4.6 mm, CS Chromatographie GmbH, Langerwehe, Germany; 20—35% MeCN in
H2O + 0.1% TFA in 20 min). (A) Y7’Lu-RM2, (B) "’Lu-NeoBOMBL, (C) 1’Lu-AMTG and (D) ""Lu-
AMTG2. Fractions representing intact compounds indicated by black arrows (*”’Lu-RM2: K’ = 8.7,
tr = 12.8 min; ’Lu-NeoBOMB1: K’=15.9, tgr =22.9 min; "LUu-AMTG: K’ =9.9, tg = 14.5 min,

YLu-AMTG2: K’=11.5, tr = 16.6 min).
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SUPPLEMENTAL FIGURE 16.
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In vivo stability of ’’Lu-labeled GRPR ligands in murine urine

(A-D) at 30 min p.i., as analyzed by analytical radio-RP-HPLC (MultoKrom 100-5 C18, 5 um,
125 x 4.6 mm, CS Chromatographie GmbH, Langerwehe, Germany; 20—35% MeCN in
H.O + 0.1% TFA in 20 min). (A) *’Lu-RM2, (B) }""Lu-NeoBOMBL1, (C) *"’Lu-AMTG and (D) *"’Lu-
AMTG2. Fractions representing intact compounds indicated by black arrows (*"/Lu-RM2: K’ =

8.7,

tr = 12.8 min; ’Lu-NeoBOMB1: K’=15.9, tr = 22.9 min; Y’Lu-AMTG: K’=9.9, tgr = 14.5 min,

Y7 u-AMTG2: K’ = 11.5, tr = 16.6 min).
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["7LuJAMTG | [77Lu]AMTG2

SUPPLEMENTAL FIGURE 17. (A) Maximum intensity projection of PC-3 tumor-bearing
CB17-SCID mice injected with each 100 pmol of "Lu-AMTG (left) and *"’Lu-AMTG2 (right) and
co-injected with an excess of ™'Lu-RM2 (3.62 mg/kg). Images were acquired at 24 h p.i. PC-3
tumors are depicted by white arrows; (B) Biodistribution of 1’’Lu-AMTG (green) and *"’Lu-AMTG2
(blue) co-injected with an excess of "™Lu-RM2 (3.62 mg/kg) in selected organs (in %ID/g) at 24 h

p.i. in PC-3 tumor-bearing CB17-SCID mice (100 pmol each). Data is expressed as mean + SD

(n=3).
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SUPPLEMENTAL FIGURE 18. Sigmoidal binding curves and calculated mean ICsy’s as
obtained by competitive binding studies of "'Lu-RM2, "Lu-NeoBOMB1, "'Lu-AMTG and "'Lu-
AMTG2. Binding studies have been carried out in triplicate, using 1.5 x 10° PC-3 cells/ml/well, rt,

2 h; using 3-2°I-D-Tyré-MJ9 (0.2 nM/well) as radiolabeled reference (n = 3).
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SUPPLEMENTAL FIGURE 19.
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Sigmoidal binding curves and calculated mean ICsy’s as

obtained by competitive binding studies of "™'Lu-RM2, "Lu-NeoBOMB1, "'Lu-AMTG and "Lu-

AMTG2. Binding studies have been carried out in triplicate, using 1.5 x 10° T-47D cells/ml/well, rt,

2 h; using 3-2°I-D-Tyré-MJ9 (0.2 nM/well) as radiolabeled reference (n = 3).
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